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A new class of gravity-matter model defined with an independent non-Riemannian volume form is studied,
in the second order formalism. The action has a global scale invariance symmetry, which can be broken by
the equation of motion of the measure fields. By a conformal transformation the theory transforms into a
theory which governed by two independent scalar fields and a specific potential. When the scale invariance
symmetry is not broken also in the equations of motion, only one field appear in the effective potential. This
effective potential has a flat region which is responsible for the inflation, and it ends with a minimum, which is
responsible for the present vacuum energy. In the general case, with a spontaneous symmetry breaking of the
scale symmetry, one scalar field is responsible for the inflation and the other could be responsible for the particle
creation. The first field (inflaton) can slowly roll, while the second field (curvaton) is more strongly coupled to
the potential. The number of e-folds for both models is also dissuaded and could be constraint in the future.
INTRODUCTION
Since the 1980s, developments in cosmology have been
influenced to a great extent by the idea of inflation [1]-[5],
which provides an attractive scenario for the solution of the
fundamental puzzles of the standard Big Bang model, like
the horizon and the flatness problems as well as providing a
framework for sensible calculations of primordial density per-
turbations [6]-[7] Especially the pioneer Starobinsky model
(R + αR2) [2] which still remains viable and produces one
from the best bit to existing observational data compared to
other inflationary models [8]. However, although the infla-
tionary scenario is very attractive, it has been recognized that
a successful implementation requires some very special re-
strictions on the dynamics that drive inflation. In particular, in
New Inflation, a potential with a large flat region, which then
drops to zero (or almost zero) in order to reproduce the vac-
uum with almost zero (in Planck units) cosmological constant
of the present universe, is required. It is hard to find a theory
that gives a potential of this type naturally.
The concept of scale invariance appears as an attractive pos-
sibility for a fundamental symmetry of nature. Dimensionless
coupling constants for example appear related to good renor-
malizability properties. In its most naive realizations, such
a symmetry is not a viable symmetry however, since nature
seems to have chosen some typical scales. Here we will find
that scale invariance can nevertheless be incorporated into re-
alistic, generally covariant field theories. However, scale in-
variance has to be discussed in a more general framework than
that of standard generally relativistic theories, where we must
allow in the action, in addition to the ordinary measure of inte-
gration
√−g, another measure Φ, which is a density built out
of degrees of freedom independent of that of the metric gµν.
To achieve global scale invariance, also a "dilaton" φ has
to be introduced. As was discussed in [9], a potential consis-
tent with scale invariance can appear for the φ field. Such a
potential has a shape which makes it suitable for the satisfac-
tory realization of an inflationary scenario. Alternatively, it
can be of use in a slowly rolling Λ scenario for the late uni-
verse. The equations of motion of the fields that define the
measure give us the possibility of a spontaneous breaking of
the scale invariance. In [9] these issues were studied in the
first order formalism, where the new measure Φ ends up not
being a new degree of freedom, but is instead determined by
a constraint equation. In contrast, here we will use the sec-
ond order formulation, where the connection is defined as the
Christoffel symbol, and as a consequence, the field χ = Φ√−g
provide us another scalar, which could play a role of a "cur-
vaton field" [10]-[12], while the dilaton φ can play the role of
inflaton (as was studied in the previous case studied in the first
order formalism). In cosmological scenarios based on modi-
fied measure theory, in the first order formalism, the curvatun
has to be added as an additional independent field [13]. As we
will see, in the second order formalism this additional fields is
generated naturally from the modified measure itself.
Multi-field inflation with a curved scalar geometry has been
found to support background trajectories that violate the slow-
roll, slow-turn conditions and thus have the potential to evade
the constraints put forward by the proponents of the string the-
ory swampland, a proposal to differentiate low energies theo-
ries that arise from string theory from those which do not [14],
as was done in [15]. In [15] it was shown that in multifield
scalar cosmologies, one can still have something that resem-
bles slow roll, while being consistent with swamp constraint,
presumably that gets us back to an almost constant vacuum
energy for the present universe (as well as in the inflation-
ary phase) while the still staying in the landscape instead of
"falling into the swamp", if one wishes to do so.
In addition, in two field inflation, one field could be used as
an inflaton field and the other as a curvaton. In recent years we
have seen the introduction of various multi-field inflationary
scenarios. For instance, [16] unifies the late-time attractors of
hyperinflation, angular, orbital and side-tracked inflation. [17]
discovers that dynamical bifurcations play an integral role
in the transition between geodesic and non-geodesic motion
and discuss the ability of scaling solutions to describe realis-
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2tic multi-field models. [18] studies a scale invariance which
spontaneously broken and a mass scale naturally emerges and
one recovers to the usual Einstein-Hilbert action.
Earlier publications have shown that in the metric-affine
formalism, in the presence of R2 term for scale invariant action
with the modified measure, produces inflation with two flat
regions for the potential: one for the inflation era and one for
the dark energy dominant era [19]-[21]. In addition breaking
of scaling invariance symmetry in the standard model com-
bined with spontaneous symmetry breaking of gauge sym-
metry was studied in [22]-[23]. These are examples to theo-
ries which uses the spontaneous symmetry breaking from the
modified measure and will be discussed here. In addition, one
from fundamental features that this model could achieve is the
quintessential inflation: which the same fields has the property
of inflation for the early universe and approach dark energy in
the late universe [24].
MODIFIED MEASURE THEORIES
Many modified theories of gravity have been formulated for
explaining phenomena beyond General Relativity. One exam-
ple is the two measures theory [25]-[30] where in addition to
the regular measure of integration in the action
√−g includes
another measure of interaction which is also a density volume
and a total derivative. In this case, one can use for construct-
ing this measure 4 scalar fields ϕa, where a = 1, 2, 3, 4. Then,
we can define the density:
Φ = εαβγδεabcd∂αϕa∂βϕb∂γϕc∂δϕd (1)
and then we can write an action that uses both of these densi-
ties:
S =
∫
d4xΦL1 +
∫
d4x
√−gL2 . (2)
As a consequence of the variation with respect to the scalar
fields ϕa, assuming that L1 and L2 are independent of the
scalar fields ϕa, we obtain that
Aαa∂αL1 = 0 , (3)
where Aαa = ε
αβγδεabcd∂βϕb∂γϕc∂δϕd. As a consequence of the
variation with respect to the scalar fields ϕa, assuming that L1
and L2 are independent of the scalar fields ϕa, we obtain that
for Φ , 0 it implies:
L1 = M = const (4)
that L1 is a consonant in the equations of motion.
The study of Two Measure Theories in the second order
formalism was done in [31]-[32], although it was not done in
a connection to scaling invariance symmetry. In this paper
we investigate the second order solution under scale invariant
theory.
SCALE INVARIANT MODIFIED GRAVITY
Our starting point is the general action, which is contains
both measures:
L =
∫
Φ(−1
κ
R +
1
2
gµνφ,µφ,ν − V(φ))
+
√−gU(φ) + λ Φ
2
√−g ,
(5)
and slightly generalized the form of Eq. (2) to allow the Φ2
term, which is still consistent with global scale invariance.
The R is the standard Ricci scalar curvature defined from the
Levi-Civita connection, that is will used in the second order
formulation.
The global scale invariance symmetry behavior for the
scalar field ϕa, which is defines the measure Φ, is:
ϕa → λab ϕb(ϕ) (6)
where λab is a constant matrix. From here we see that the
global scale invariance symmetry for the modified measure is:
Φ→ λΦ (7)
where λ is the determinant:
λ = det [λab] (8)
Furthermore the metric and connection transform as follows:
gµν → λgµν, Γµνλ → Γµνλ (9)
with the same λ that defined before. In order to maintain the
global scale transformation, the potentials has to be taken in
the form of:
V(φ) = f1 exp(−αφ), U(φ) = f2 exp(−2αφ) (10)
where the transformation for the dilaton field φ is:
φ→ φ + ln λ
α
(11)
Under those symmetries, the action is scale invariant. Matter
fields can be also introduces in a scale invariant way. In Ref.
[33] a density independent on the metric was also introduced
in a scale invariant way, but with no dilaton φ field. In [33]
powers of the ratio between the metric independent density
and the
√−g were consider as a way to generate potentials for
the scalar that is derived from the ratio of between the metric
independent density and the
√−g. In contrast, here the origin
of the scalar potential are the original dilaton potentials U(φ)
and V(φ), and Φ
2√−g which only generates a constant term in
the effective potential. The Φ2 term has an interpretation of
an ordinary kinetic term for the measure fields.
3FIG. 1. The effective potential Veff vs. the scalar fields θ1 and θ2 for M > 0 and different signs of α. For α < 0 there is always a minimum in
the θ1 direction regardless of the value of θ1.
The equations of motion
There are three independent equation of motion. The equa-
tion of motion with respect to the modified measure gives:
− 1
κ
R +
1
2
gµνφ,µφ,ν − V(φ) + 2χλ = M (12)
where M is an integration constant, and χ is defined to be the
fraction between the measures:
χ =
Φ√−g (13)
The Eq. (12) spontaneously breaks the scale invariance, be-
cause for M , 0 the left hand side transforms under scale
transformation, while the right hand side does not.
The second variation, with respect to the dilaton field φ
gives:
− φ,αχ,α + χ(V ′(φ) − φ) − U′(φ) = 0 (14)
which generalizes Klein-Gordon equation. The last variation,
with respect to the metric, give the field equation:
1
κ
(Rµν + gµν
χ
χ
− χ,µ;ν
χ
) =
1
2
(
φ,µφ,ν − gµνU(φ)
χ
)
(15)
In order to construct the Einstein Tensor Gµν, we combine the
Ricci tensor and Ricci scalar from Eq. (12) and Eq. (15):
2
κ
(
Gµν + gµν
χ
χ
− χ,µ;ν
χ
)
= T (φ)µν + gµν
(
V(φ) − U(φ)
χ
+ M
)
+ gµνχ2λ
(16)
where T (φ)µν is the stress energy momentum tensor of the dilaton
field:
T (φ)µν = φ,µφ,ν − 12gµνg
αβφ,αφ,β (17)
Einstein frame and the two scalar field potential
To simpling the Einstein tensor, lets use the conformal
transformation [34] for the metric, which includes the field
χ:
gµν = χ−1g˜µν (18)
This transformation cause Eq. (14) to take the form of:
χV ′(φ) = χ2˜φ + U′(φ) (19)
where ˜ = 1√−g˜∂µ(
√−g˜g˜µν∂ν). The transformation give the
basic identities:
Gµν = G˜µν − 12χ2 (χ,µχ,ν −
5
2
g˜µν(g˜αβχ,αχ,β))
+
χ,˜µ;ν
χ
− g˜µν ˜χ
χ
(20)
χ,µ;ν
χ
=
χ,˜µ;ν
χ
+
1
χ2
T˜ (χ)µν (21)
gµν
χ
χ
= g˜µν
˜χ
χ
− g˜µν g˜
αβχ,αχ,β
χ2
(22)
where:
T (χ)µν = χ,µχ,ν − 12gµνg
αβχ,αχ,β (23)
4is the kinetic energy momentum tensor for the scalar field χ.
Using those identities for the effective Einstein tensor give:
2
κ
(
G˜µν − 3
χ2
T˜ (χ)µν
)
= T˜ (φ)µν + g˜µνVeff(φ, χ) (24)
a new stress energy momentum tensor for the scalar field χ,
with the effective potential:
Veff =
1
χ
(
V(φ) − U(φ)
χ
+ M
)
+ λ (25)
By setting the scalar field χ into the scalar:
ϕ =
√
3 lnχ (26)
the Einstein tensor get the standard form:
2
κ
G˜µν = T˜
(ϕ)
µν + T˜
(φ)
µν + g˜µνVeff(ϕ, φ) (27)
where T˜ (ϕ)µν is the stress energy momentum tensor of the field
ϕ, with the effective potential:
Veff(ϕ, φ) = λ − f1 exp(− ϕ√
3
− αφ)
+ f2 exp(− 2ϕ√
3
− 2αφ) + M exp( ϕ√
3
)
(28)
This effective potential can be re-expressed after a rotation of
the fields:
θ1 :=
1
N
(
− ϕ√
3
− αφ
)
, (29)
and
θ2 :=
1
N
(
− φ√
3
+ αϕ
)
. (30)
where N := √1/3 + α2 is the normalization factor to guaran-
tee that the transformation (29) and (30) is a rotation. Notice
that under scale transformation θ1 is invariant, while θ2 trans-
forms. The final effective potential gets the form:
Veff(θ1, θ2) = − f1 exp(−Nθ1)
+ f2 exp(−2Nθ1) + M exp
[
− 1N (
θ1
3
− αθ2√
3
)
]
+ λ
(31)
This potential could investigate into two special cases. One
case is M = 0 where the potential is only depend on one scalar
field θ1. Different case is when M , 0, where for θ2 → −∞
the contribution of θ2 is negligible. In Fig.1 we can see the
plot for the effective potential vs. θ1 and θ2. In this plot f1,2 as
well as M are positive.
FIG. 2. The effective potential in the orthonormal fields under the
one field approximation.
NO SCALE INVARIANT SYMMETRY BREAKING
The shape of the potential
In the case of M = 0 the scale invariance symmetry is main-
tained also in the equations of motion. This case can be also
obtain in the region θ2 → −∞. The effective potential takes
the form:
Veff(θ1,M = 0) = λ − f1 exp(−Nθ1) + f2 exp(−2Nθ1) (32)
Now the effective potential is depends only on the scale in-
variant variable θ1. To find the critical point, let’s derivative
the potential with respect to θ1 and set it to zero:
∂Veff(θ)
∂θ
= 0 ⇒ θm = 1N ln
(
2 f2
f1
)
(33)
The extreme point θm exists only if f1 and f2 have the same
sign. The value of the extremal potential point is:
Veff(θm) = λ −
f 21
4 f2
:= Λ (34)
The second derivative of the potential at this point has the
value of: f
2
1
4 f2
. Therefore the potential would be stable for
f2 > 0. So we need the condition:
λ >
f 21
4 f2
, (35)
which cause the potential to be positive at the extreme point
Veff(θm) > 0. The extreme point will be a minimum only for
f1, f2 > 0.
In addition to that, the asymptotic value of the potential:
lim
θ1→∞
Veff(θ1,M = 0) = λ (36)
the inflationary vacuum energy. In Fig.(2) we can see that the
universe begins in θbegin and the value of the vacuum energy
5is very close to λ. The universe slow rolls in that era, until the
point θend until the slow roll parameter  ≈ 1. The final value
of the vacuum energy is the present cosmological constant Λ.
Let’s calculate the slow roll parameters (that was defined by
A. Liddle) [36] for that limit and predicts the number of e-
folds.
Slow roll inflation and the number of e-folds
In order so calculate the number of e-Folds for that infla-
tionary scenario, we starts with the slow roll parameter:
 ≈ 1
2
(
V,θ1
V
)2
=
1
2
( Ne−Nθ1 ( f1 − 2 f2e−Nθ1 )
− f1e−Nθ1 + f2e−2Nθ1 + λ
)2
, (37)
and the η:
η ≈ Vθ1,θ1
V
= N2 f1e
−Nθ1 − 4 f2e−2Nθ1
f1e−Nθ1 − f2e−2Nθ1 − λ . (38)
One can see that for θ1 → ∞ the parameters are very low, if
we assume that λ has a very big value (as expected from the
vacuum energy in the inflationary epoch):
θ1 → ∞ ⇒ , η  1 (39)
This shows that the slow roll assumption is valid for the area,
where θend < θ1 < θbegin.
In order to estimate the end of inflation, we set the  ≈ 1.
This leads to a complicated condition. Under the assumption
of Λ  λ, which states that the present value of the vacuum
energy (the cosmological constant) in much lower then the
inflationary value of the vacuum energy, one can define the
dimensionless quantity:
δ :=
Λ
λ
 1 (40)
Under this definition, the solution for  ≈ 1 gives the solution:
θfinal =
1
N ln
[
f2
f1
(√
8N + 2
)]
− δ
√
2N + 1√
2N2 (41)
After this point the inflation ends and the scalar fields under-
goes consolations, which produce reheating of the universe.
The number of e-folds is calculated from the equation:
NumE-folds =
∫ θBegin
θend
dθ1√
2
(42)
For simplifying the solution, under the assumption of δ  1,
the number of E-folds term is:
NumE-folds ≈ f1e
Nθbegin
4 f2N2 −
θbegin
2N
− f1
4 f2N2 e
√
2 f2N
f1
(
2N+√2
)
+ (
1
N +
√
2)
f2
f1
+ O(δ1)
(43)
By setting the number of E-fold into around 60, we can recal-
culate the initial value of this inflation model θBegin. Notice
that the final term depends on the dimensionless fraction f1f2 .
MINIMAL PATH IN TWO SCALAR FIELDS POTENTIAL
Considering now the full potential (31) and taking the case
of α being very small, in this case, we have two scalar fields
with two different characteristics. One of them (θ2) is weakly
coupled, because we assume that α is very small. In contrast,
N is always in order of 1, which means that θ1 is a strongly
couple scalar field. The following picture therefore appears
reasonable. The scalar field θ2 satisfies a slow roll field equa-
tion, since ∂Veff
∂θ2
∼ α, and therefore very small. Since the other
field θ2 is rather strongly coupled, as θ2 field slow rolls, the
θ1 can oscillate around the minimum for θ1 ≈ const. Or even
simpler we take the approximation that as θ2 slow rolls, and θ1
field sits at the minimum of the potential, for any given value
of the slowly rolling θ2 field:
∂V
∂θ1
≈ 0 (44)
with the solution for θ2:
θ2 =
√
3N
α
ln
3N2e−2Nθ1
(
f1eNθ1 − 2 f2
)
M
 − θ1√3α (45)
For another example where a scalar field is taken at any time
in the evolution of the universe to be sitting instantaneously at
the minimum of the effective potential see [35].
In order to calculate the number of E-folds in that approxi-
mation, lets calculate the slow roll parameters, with respect to
the field θ2, where ∂V∂θ1 ≈ 0 is taken to be on the solution:
 ≈ 1
2
(
V,θ2
V
)2
∂V
∂θ1
≈0
, η ≈ V,θ2,θ2
V ∂V
∂θ1
≈0
(46)
and therefore:
 ≈ α
2
2
 f1e
θ1√
3 − 2 f2
f2 − λe
2θ1√
3

2
+ O
(
α4
)
(47)
η ≈ α2 M
− f1 + f2e−
θ1√
3 + M + λe
θ1√
3
+ O
(
α3
)
(48)
The slow roll parameters are very small in a wide range of the
scalar field, since the assumption of α is very small.
In order to estimate the end of inflation, we approximate 
to one, which gives the solution:
θfinal2 ≈
√
3
2
ln
(
f2
λ
)
+ (1 − f1
2
√
f2λ
)
√
3
2
α (49)
The number of E-fold is calculated from the integral:
NumE-folds ≈
∫ θbegin
θfinal
dθ2√
2
| ∂V
∂θ1
≈0 (50)
6Under the assumption of α being very small we get that the
solution for the number of E-folds for that model is:
NumE-folds ≈ I√
2α3
+ O( 1
α2
) (51)
where:
I = | 2√
3
θBegin −
√
3(I1 − I2) − I3| (52)
I1 = 2 ln
e−
2Begin√
3
M
(
f1e
Begin√
3 − 2 f2
)
I2 = (3 f1e
Begin√
3 − 7 f2 + λe
2Begin√
3 )(− f1e
Begin√
3 + f2 + λe
2Begin√
3 )(
f1e
Begin√
3 − 2 f2
)2
I3 = λf2M2
 f1 √ f2λ − 2 f2
2 + 3
From those terms we can estimate the initial value of the scalar
field, in we fix the number of E-folds to be around 60.
COMPARISON WITH THE METRIC-AFFINE FORMALISM
SOLUTION
In the metric affine formalism the θ1 field does not exist,
because the θ1 field equation is a constraint equation, which
allows us to solve χ as a function of U and V . This case for λ =
0 was studied is [9], and for opposite value of f2. So the case
M = 0 is trivial, because it just corresponded to a constant
potential case. On the other hand for M , 0 an inflaton field
is obtained, but no additional field is arises.
CONCLUSIONS
In this paper we studied the formulation of scale invariant
Two Measures Theory with a dilaton field. We similarly look-
ing action to that already studied in the first order formulation,
augmented by the addition of a Φ2 term in the action to gener-
ate an independent contribution to the cosmological constant.
Although the actions are similar, the degrees of freedom are
different, since in the second order formulation the ratio of the
measure Φ to the
√−g becomes a new degree of freedom, a
new scalar field , absent in the first order formulation, where
such a field satisfies a constraint equation instead of a dynam-
ical equation, so that it can be eliminated in terms of other
fields of the theory (like the dilaton field, etc.). An effective
potential for two scalar fields is obtained, only one term in the
potential, proportional to a scale symmetry breaking integra-
tion constant M involves the dilaton field.
The theory in the absence of spontaneous symmetry break-
ing (M = 0) contains a potential that depends on only one
field, while the one represents a flat direction. We first study
the possibility of inflation in the scale invariant limit and find
that it is possible, no obstacles are found to obtain 60 e-folds.
A second scenario, for M , 0 involves the two scalar fields,
choosing the scale coupling constant α to be small, we obtain
that one of the fields can slow roll, while the other can either
rapidly oscillate around the local minimum valid while taking
the previous field constant, or in a more simple scenario, ad-
just at any given time to be at the minimum (for a given value
of the other field), in this simple scenario also there will be no
problems to achieve enough e-foldings for small enough α.
In the future, the primordial power spectrum for both models
should be investigated as well as data fitting and constraints
the parameters in the models.
This article is supported by COST Action CA15117 "Cos-
mology and Astrophysics Network for Theoretical Advances
and Training Action" (CANTATA) of the COST (European
Cooperation in Science and Technology). We would like
thank to Hendrik Edelmann for improving the plot design.
∗ benidav@post.bgu.ac.il
† guendel@bgu.ac.il
[1] A. A. Starobinsky, JETP Lett. 30 (1979) 682 [Pisma Zh. Eksp.
Teor. Fiz. 30 (1979) 719].
[2] A. A. Starobinsky, Phys. Lett. B 91, 99 (1980) [Phys. Lett.
91B, 99 (1980)] [Adv. Ser. Astrophys. Cosmol. 3, 130 (1987)].
doi:10.1016/0370-2693(80)90670-X
[3] A. H. Guth, Phys. Rev. D 23 (1981) 347 [Adv. Ser. Astrophys.
Cosmol. 3 (1987) 139]. doi:10.1103/PhysRevD.23.347
[4] A. D. Linde, Phys. Lett. 108B, 389 (1982) [Adv. Ser. Astrophys.
Cosmol. 3, 149 (1987)]. doi:10.1016/0370-2693(82)91219-9
[5] A. Albrecht and P. J. Steinhardt, Phys. Rev. Lett. 48,
1220 (1982) [Adv. Ser. Astrophys. Cosmol. 3, 158 (1987)].
doi:10.1103/PhysRevLett.48.1220
[6] V. F. Mukhanov and G. V. Chibisov, JETP Lett. 33, 532 (1981)
[Pisma Zh. Eksp. Teor. Fiz. 33, 549 (1981)].
[7] A. H. Guth and S. Y. Pi, Phys. Rev. Lett. 49 (1982) 1110.
doi:10.1103/PhysRevLett.49.1110
[8] Y. Akrami et al. [Planck Collaboration], arXiv:1807.06211
[astro-ph.CO].
[9] E. I. Guendelman, Mod. Phys. Lett. A 14, 1043 (1999)
doi:10.1142/S0217732399001103 [gr-qc/9901017].
[10] K. Enqvist and M. S. Sloth, Nucl. Phys. B 626, 395 (2002)
doi:10.1016/S0550-3213(02)00043-3 [hep-ph/0109214].
[11] D. H. Lyth and D. Wands, Phys. Lett. B 524, 5 (2002)
doi:10.1016/S0370-2693(01)01366-1 [hep-ph/0110002].
[12] T. Moroi and T. Takahashi, Phys. Lett. B 522, 215 (2001)
Erratum: [Phys. Lett. B 539, 303 (2002)] doi:10.1016/S0370-
2693(02)02070-1, 10.1016/S0370-2693(01)01295-3 [hep-
ph/0110096].
[13] E. I. Guendelman and R. Herrera, Gen. Rel. Grav. 48, no. 1,
3 (2016) doi:10.1007/s10714-015-1999-9 [arXiv:1511.08645
[gr-qc]].
[14] Prateek Agrawal, Georges Obied, Paul J.Steinhardt, Cumrun
Vafa, Physics Letters B Volume 784, 2018, 271-276; Hi-
7rosi Ooguri, Eran Palti, Gary Shiu , Cumrun Vafa, Phys.Lett.
B788 (2019) 180 DOI: 10.1016/j.physletb.2018.11.018 , e-
Print: arXiv:1810.05506 [hep-th] |
[15] A. AchÃžcarro and G. A. Palma, JCAP 1902, 041 (2019)
doi:10.1088/1475-7516/2019/02/041 [arXiv:1807.04390 [hep-
th]].
[16] P. Christodoulidis, D. Roest and E. Sfakianakis,
arXiv:1903.03513 [gr-qc].
[17] P. Christodoulidis, D. Roest and E. I. Sfakianakis,
arXiv:1903.06116 [hep-th].
[18] S. Vicentini, L. Vanzo and M. Rinaldi, arXiv:1902.04434 [gr-
qc].
[19] E. I. Guendelman and O. Katz, Class. Quant. Grav. 20 (2003)
1715 doi:10.1088/0264-9381/20/9/309 [gr-qc/0211095].
[20] E. I. Guendelman and P. LabraÃs´a, Int. J. Mod. Phys.
D 22 (2013) 1330018 doi:10.1142/S0218271813300188
[arXiv:1303.7267 [astro-ph.CO]].
[21] S. del Campo, E. I. Guendelman, R. Herrera and P. Labrana,
JCAP 1006 (2010) 026 doi:10.1088/1475-7516/2010/06/026
[arXiv:1006.5734 [astro-ph.CO]].
[22] E. I. Guendelman, H. Nishino and S. Rajpoot, Phys. Rev. D 98,
no. 5, 055022 (2018). doi:10.1103/PhysRevD.98.055022
[23] E. I. Guendelman, H. Nishino and S. Rajpoot, Phys. Lett. B
765, 251 (2017). doi:10.1016/j.physletb.2016.11.036
[24] Y. Zhang et al. [DES Collaboration], arXiv:1901.07119 [astro-
ph.CO].
[25] E.I. Guendelman, A.B. Kaganovich, Class. Quantum Grav. 25 ,
235015 (2008), e-Print: arXiv:0804.1278 [gr-qc]
[26] H. Nishino, S. Rajpoot, Mod. Phys. Lett. A21 , 127 (2006), e-
Print: hep-th/0404088
[27] E.I. Guendelman, A.B. Kaganovich, Ann. of Phys. 323 , 866
(2008), e-Print: arXiv:0704.1998 [gr-qc]
[28] E.I. Guendelman, A.B. Kaganovich, Phys. Rev. D75 , 083505
(2007), e-Print: gr-qc/0607111
[29] E.I. Guendelman, A.B. Kaganovich, Int. J. Mod. Phys. A21 ,
4373 (2006), e-Print: gr-qc/0603070
[30] Eduardo Guendelman, Ramon Herrera, Pedro Labrana,
Emil Nissimov, Svetlana Pacheva, Gen.Rel.Grav. 47 (2015)
arXiv:1408.5344 [gr-qc]
[31] E.I. Guendelman and A.B. Kaganovich, Phys. Rev. D53 , 7020
(1996)
[32] F. Gronwald, U. Muench, A. Macias, F. W. Hehl, Phys. Rev.
D58 , 084021 (1998), e-Print: gr-qc/9712063.
[33] D. Blas, M. Shaposhnikov and D. Zenhausern, Phys.
Rev. D 84, 044001 (2011) doi:10.1103/PhysRevD.84.044001
[arXiv:1104.1392 [hep-th]].
[34] M. P. Dabrowski, J. Garecki and D. B. Blaschke, Annalen Phys.
18, 13 (2009) doi:10.1002/andp.200810331 [arXiv:0806.2683
[gr-qc]].
[35] R. Fardon, A. E. Nelson and N. Weiner, JCAP 0410, 005 (2004)
doi:10.1088/1475-7516/2004/10/005 [astro-ph/0309800].
[36] A. R. Liddle and D. H. Lyth, Phys. Lett. B 291, 391 (1992)
doi:10.1016/0370-2693(92)91393-N [astro-ph/9208007].
